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Abstract—We present a room electromagnetics based theory which
primarily models the Diffuse Multipath Components (DMC) power
density with a simple circuit model, and afterwards includes the
Line-Of-Sight (LOS) component to predict the total exposure in a
realistic environment. Given a human absorption cross section (ACS)
and its location from a transmitter (Tx), the whole-body absorption
rate (SARwb) can be determined by the proposed circuit model for
Ultra Wide Band (UWB) and Wireless Local Area Network (WLAN)
systems. The SARwb in humans in a realistic office environment for
both UWB and WLAN systems is investigated as part of application.
The theory is simulated with the Advanced Design System (ADS)
software, and excellent agreement between theoretical and simulated
values are obtained in terms of relative errors (<2%). The model
may be very useful for SARwb prediction in realistic complex indoor
environments.

Keywords: room electromagnetics, Diffuse Multipath Components,
whole-body absorption rate, Line-Of-sight, realistic indoor environ-
ments, diffuse scattering coefficient, lambertian diffusion, UltraWide
Band.

I. I NTRODUCTION

MOST of people nowadays spend their time in the indoor
environments. Wireless Local Area Networks (WLAN) sys-

tems are continuously used in such places, and Ultra Wide Band
(UWB) systems are gaining importance. The human exposure to the
electromagnetic fields (EMF) in the indoor environments therefore
is of main importance. To faithfully address the human exposure,
the underlying propagation phenomena must be well understood and
simplified for convenient reasons. The main propagation mechanisms
in the indoor environments have been investigated in [1], where it
turns out that most of the interactions wave-object occur between the
furnishings on the floor (desk, cardboards, machines, etc...) and pos-
sibly the devices fixed on the ceiling. The specular reflections mainly
occur in that region. Besides the specular reflections, diffraction of
the electromagnetic waves (EMW) occurs at corners. The wallsand
the large surfaces clearly cause specular reflections, but due to the
irregularities at the wall surfaces and inside, the impinging EMW
is converted into one reflected specular component plus a certain
number of scattering reflections. Physically, the scattering waves are
the ones having a different angle of departure from the reflected
specular wave. The multiple diffractions and scatterings of the EMW
eventually lead to a diffuse field in an indoor environment.
The diffusion phenomena in a building floor was investigatedin
[2], [3]. [2] has shown that the diffusion model is governed by a
differential equation of the first order, which solution is comprised of
exponential terms. Later, [3] developed a statistically based diffusion
model via the stochastic properties of the diffusion phenomena in
the indoor environments. Although these models predict excellently
the diffusion behavior in the indoor environments, they require
several parameters which may be difficult to obtain in practice.

The propagation phenomena are very complex in a realistic indoor
environment, therefore realistic assumptions are needed to determine
in a simpler and efficient manner the human exposure due to the
EMW in such places.
Recently [4] addressed the diffusion issue in a single room and
highlighted an interesting parameter, i.e., the reverberation time,
which describes completely the diffusion behavior. Actually, the
reverberation time is the decay rate of the diffuse field in a com-
pletely diffuse field, and [4] shows that the reverberation time is
only dependent on the room dimensions and the surfaces (walls,
ceiling, floor, ...) absorption properties. The related theory has
been named by the authorsroom electromagnetics. Although some
specular components may exist in an indoor environment, theroom
electromagnetics theory focuses on the diffusion effect, assuming
only one specular component, typically the Line-Of-Sight (LOS)
component - when it exists - in the channel response, the remainder
is assumed to be part of the diffuse multipath components (DMC).
This assumption certainly occurs in realistic environments since it
has been shown - through measurements - that the DMC power
density may represent 95% of the total power involved in a realistic
indoor environment [5], [6].
This paper aims to introduce a new electrical circuit model based on
the room electromagnetics theory [4], [7]. The principle ofthe model
is shown in Fig. 1 where a room and a transmitter characteristics
plus a person location are given as inputs, and the exposure in
terms of the power density, hence the SARwb is given as the output.
The transmitter characteristics (P0, ∆) and the person separation
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Fig. 1. Principle of the circuit model

(d0) from the transmitter are supposed to be known. Given a room
dimensions, a simpler method to determine the reverberation time
in a realistic environment without the need of carrying out any
measurements or simulations is presented. The theory also applies
to the adjacent rooms case and we showed an application of the
circuit model in a realistic office environment. The strength of
the method lies in its simplicity because it does not requireany
simulation of the entire room in a software, which would be very
time and memory consuming - as far as the room dimensions
increase - because of the difficulties of modeling the roughness of
the surfaces. The novelty of the proposed method reliesi) in the use
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of a room dimensions to determine the exposure of a person located
inside andii) the translation of the room electromagnetics theory
into a circuit model enabling fast assessment of indoor propagation
and human absorption rate. The paper is organized as follows: the
model as well as the main concepts in analogy with the room
electromagnetics theory are highlighted in Section II. Theproposed
circuit model elements are also determined. In Section III,the SARwb

is obtained using the exposure calculation from the circuitmodel.
An application of the theory in a realistic office environment is
given in Section IV. Furthermore, the theory is simulated through
electronic circuit simulating software. Finally, conclusions are drawn
in Section V.

II. M ODEL

A. Overview of room electromagnetics

Basically the room electromagnetics theory addresses the propaga-
tion in the indoor environments and considers only two propagation
components: the LOS component and the DMC, as shown in Fig. 1
of [7]. Although there may exist some specular reflections inthe
environment, the room electromagnetics considers them as part of
the DMC. The theory was introduced in [4] in analogy with the well
established theory ofroom acoustics[8].
Let P(t) be the transmitted pulse in a room. The room electromagnet-
ics theory states that P(t) is balanced by the decrease of theenergy
per second in the room and by the increase of the losses at the walls
as follows [4]:

P (t) = V
dW

dt
+

c0ηA

4
W (1)

where V, W, c0, η and A are the room volume, the remaining energy
density in the room, the light velocity in the free space, thefraction
of energy absorbed by the surfaces (walls, floor, ceiling, etc.), and
the total area absorbing electromagnetic radiation, respectively.
The general solution of (1) is a convolution integral:

Wd(t) =
1

V

∫

∞

0

P (t− t′)e−
t′

τ dt′ (2)

where Wd(t) is the energy density in the room in Watt.s/m3 andτ is
the reverberation time of the room. The reverberation time depends
only on the room characteristic, actually it is the decay rate of the
DMC power in the room and is defined as follows [4]:

τ =
4V

c0ηA
(3)

In a complete diffuse field, the power density is direction independent
- rays come from all the directions - the energy density and the power
density are therefore related by:

Wd(t) = 4π
I

c0
, (4)

where I is the power density in Watt/m2.
We will now distinguish between two cases:

1) the active duration of the transmitted signal (∆) is much
smaller than the reverberation time of the room, which cor-
responds to the UWB system case (∆ << τ )

2) the active duration of the transmitted signal is larger than
the reverberation time (∆ >> τ ), which corresponds to the
WLAN systems case.

The active duration∆ is the time period during which the transmitted
pulse is different from zero, i.e., P(t)=P0. The energy evolution of the
two systems is different and is shown in Fig. 2. From 0 to∆UWB

(as long as the source is on) the energy of UWB systems evolves
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Fig. 2. Energy evolution for ultra-wide-band (UWB) and narrow-band (WLAN)
systems in room electromagnetics

up to a maximum value, i.e.,∆P0. As soon as the source is off
(t > ∆UWB) the energy decreases exponentially from its peak value
towards 0 with the reverberation time being the damping factor. The
energy density for a small pulse∆ (UWB systems) in a room is
obtained from (2):

Wd(t) = P0

τ

V
(e

∆

τ − 1)e−
t
τ (5)

The resulting total power density fromt0 in a complete diffuse field
is expressed as follows [7]:

Id(t0) =
P0

πηA
e−

t0
τ (6)

where P0 is the transmitted signal.
Regarding WLAN systems where∆ is much more larger, the energy
grows from 0 towards a steady state, whose value isτP0. Further
details about the room electromagnetics theory can be foundin [4],
[7].

B. Model for incident power density for Ultra Wide Band (UWB)
systems

In general the reverberation time in a room is of the order of a
few tens of nanoseconds and the pulse duration of the UWB systems
is only a few nanoseconds (even picoseconds). The present circuit
model theory is developed in analogy with [7], where the diffuse
power density has been investigated. It has been assumed in that
study that the pulse duration is much lower than the reverberation
time. The theory developed in this part is therefore only valid for
the UWB systems.

1) Model for the incident power density in the same room:Let
us establish the equation governing the voltages in Fig. 3.

E(t) = U(t) +RC
dU(t)

dt
(7)

where E(t), U(t), R and C are the source voltage, the voltage over
the capacity, the resistor, and the capacity. This differential equation
describes the charge (resp. discharge) of the capacitance when the
source is on (resp. off).
The solution of (7) is given by:

U(t) =
1

RC

∫

∞

0

E(t− t′)e−
t′

RC dt′ (8)

As the pulse signal is transmitted in the room during a periodtime
∆, we also assume that the circuit model is fed with E(t) duringthe
same∆, and is defined as follows:

E(t) =

{

E if 0 ≤ t ≤ ∆
0 otherwise
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C

Fig. 3. Circuit model equivalent to room electromagnetics theory

Taking the ∆ << τ assumption (UWB systems) into account,
equation (8) leads then to:

U(t) = E(e
∆

RC − 1)e−
t

RC , t ≥ ∆

= U0e
−

t
RC , t ≥ ∆

U(t) looks like the classical expression of the voltage discharge in a
capacitance C with its initial voltage being U0.

U0 = E(e
∆

RC − 1) (9)

Actually, U0 is the voltage in the capacitance just after turning the
source E(t) off. Assume that the total energy in the room can be
stored in the capacitance C, the energy density (in Watt.s/m3) in the
room can be expressed as a function of the room volume and the
capacitance energy as follows:

Wd(t) =
1

2
CU2(t)×

1

V
, t ≥ ∆

=
C

2V
U2

0 e
−

2t
RC , t ≥ ∆ (10)

By comparing the energy density in the circuit model i.e., (10) and
in the room electromagnetics theory i.e., (5) and assuming the same
decay rate, the following relations are derived:

RC

2
= τ (11)

R =
U2
0

P0(e
∆

τ − 1)

The dimension of R is correct:V
2

Watt
= Ω (Ohm). By choosing a

value ofU0 and knowingP0, ∆ andτ , the value of R can be easily
computed. It is further demonstrated that the power densityin the
circuit is independent of its input voltage, justifying thereby any
choice of U0, and hence E(t). Once R is calculated, we use (11) to
determine the value of the capacitance:

C = 2τ
P0(e

∆

τ − 1)

U2
0

The dimension of C is also correct:s
Ω
= F (Farad).

The total power density ID(d0) at a location in the room is now
calculated.
Assuming a lambertian scattering of the EMW on the surfaces -the
EMW are scattered in all the directions independently on itsarrival
angle - as in [9], the scattering process ends up in a completediffuse
fields. The power density intensity being direction-independent in a
complete diffuse field, we use (4) to determine the power density

I(t) in the capacitance as follows:

I(t) =
c0

4π
×

1

2V
CU2(t)

=
c0

8πV
CU2

0 e
−

2t
RC

The total power density ID from t0 on is the total energy density
from t0 divided by the time duration:

ID(t0) =
1

∆

∫

∞

t0

I(t)dt (12)

where t0 is the arrival delay of the first DMC.
Taking (11) into account, a solution of (12) is:

ID(t0) =
τc0C

8π∆V
U2

0 e
−

t0
τ

The total power density can be rewritten by:

ID(t0) =
τc0C

8π∆V
U2(t0) (13)

=
τ2c0P0

4π∆V
(e

∆

τ − 1)e−
t0
τ (14)

Note that in (13) the power density is expressed as a functionof
the voltage over the capacity. Moreover, (14) proves that the power
density ID in the circuit model is independent of the voltageU0,
hence E(t). It actually depends on the room characteristics(V and
τ ) and on the source characteristics (P0 and∆).
The diffuse power density has been earlier addressed in [7] assuming
that the time period∆ is much smaller compared to the reverberation
time τ . Since the same assumption is made in this paper, let us now
calculate the power density expression in the circuit modelwhen
∆

τ
−→ 0 (i.e., ∆ << τ ) for comparison purpose.

lim
∆

τ
→0

ID(t0) = lim
∆

τ
→0

τ2c0P0

4π∆V
(e

∆

τ − 1)e−
t0
τ

=
τc0P0

4πV
e−

t0
τ

=
P0

πηA
e−

t0
τ (15)

which is the same expression as in (6).
The distance from a transmitter can be easily measured rather than
the arrival time of an EMW, the power density is therefore expressed
as a function of the distance. For this purpose, let us assumethat the
first DMC has the same arrival time as the LOS component. This
hypothesis is inforced by the fact that the room electromagnetics
theory assumes that the power delay profile (PDP) is comprised of
only the LOS component, the remainder being the DMC (meaning
that the DMC starts just after the LOS component), see Fig. 1 of [7].
Given a certain separationd0 from the transmitter, the total power
density in the circuit model is:

ID(d0) =
τ2c0P0

4π∆V
(e

∆

τ − 1)e−
d0
c0τ (16)

2) Theory extended to adjacent rooms:The room electromagnet-
ics theory applied to an adjacent room is addressed in [10]. The main
ideas are recalled below.
Let a receiver be located in a room RRx and a transmitter be located
in the adjacent room RTx. P(t) = P0 is the transmitted power in
the adjacent room, andα2 is the transmission factor of the wall
separating both rooms.Complete diffuse fields are assumed in both
rooms in such a way that the power density is direction-independent,
i.e., I(θ, φ) = I. The room RRx is fed by two sources:



• Pr(t): which is the received LOS power from the room RTx.
In fact, Pr is the transmitted LOS power P(t) scaled with the
wall transmission factor and corrected with the losses due to
the free space loss from the transmitter to the wall separating
both rooms.

• Pexch: which is the power induced by the diffuse energy
exchanged from room RTx to room RRx through the surface S
between the rooms.

The received powers in the room RRx are balanced as follows:

Pr + Pexch = VRx

dWRx

dt
+

c0A
′

Rx

4
WRx (17)

where VRx, WRx and A′Rx are the volume of room RRx (in m3),
the energy density in the room RRx (Watt.s/m3) and the effective
absorbing area in the room (m2).
The power exchanged from the room RTx to the room RRx is related
to the energy density in the room RRx [10]:

Pexch =
c0S

4
WRx

The energy density is a solution of (17), and is given by:

WRx(t) =
1

VRx

∫

∞

0

Pr(t− t′)e−
t′

τa dt′ (18)

where τa is the reverberation time in the room RRx when the
transmitter is located in the room RTx, and Pr(t) is defined as:

Pr(t) =

{

Pr if 0 ≤ t ≤ ∆
0 otherwise

Assume that the shortest distance from the transmitter to the wall
separating both rooms isdTW , and that a LOSplane waveimpinges
on the wall S, the received LOS power in room RRx is:

Pr = α2
P0

4πd2TW

S

The energy density in the room RRx is then (solution of (18)):

WRx(t) =
Prτa

VRx

(e
∆

τa − 1)e−
t
τa

=
τa

VRx

α2P0S

4πd2TW

(e
∆

τa − 1)e−
t
τa (19)

The reverberation timesτ (transceivers in the same room) andτa
(transceivers in adjacent rooms) are linked via the following formula
[10]:

τa =
τ

1− S
A′

Rx

=
τ

1− Sc0τ
4VRx

In analogy to the theory developed for the same room, the circuit
model for adjacent rooms is shown in Fig. 4. The resistance isRa

and the capacitance is Ca. Thus, comparing the energy density in
the circuit model (10) and in the room electromagnetics theory (19),
we derived the following relations:

RaCa

2
= τa (20)

Ra =
4πd2TW

α2S
×

U2
0

P0(e
∆

τa − 1)
(21)

Since Ra is computed from (21), the capacitance Ca is computed
from (20) with the knowledge ofτa. Likewise to the single room

U(t)
E(t)

Ra

Ca

Fig. 4. Circuit model equivalent to room electromagnetics theory for adjacent rooms

case, the power density expression for adjacent rooms is finally:

ID,a(t0) =
τac0Ca

8π∆VRx

U2(t0) (22)

=
τ2ac0Pr

4π∆VRx

(e
∆

τa − 1)e−
t0
τa

ID,a(d0) =
τ2ac0

4π∆VRx

α2P0S

4πd2TW

(e
∆

τa − 1)e−
d0

c0τa (23)

3) Including the LOS component in the model:The goal of the
circuit model is primarily to model the power density of the DMC.
However, in order to use this circuit model to address the human
exposure, it should include the LOS component power densityas
well since the SARwb is induced by both sources. Note that the
human exposure is expressed in terms of the SAR in the radio
frequency region [11]. Given an incident LOS plane wave, itspower
density at a certain distance d0 is:

IL =
α2P0

4πd2
0

(24)

where IL, α2, d0 are the LOS component power density (in Watt/m2),
the walls transmission factor (if there is any wall between Tx and
Rx) and the separation from the transmitter (in meter), respectively.
For the same room scenario,α2 = 1 since there is no transmission
through the wall.
Consider that the LOS power density illuminates a person with a
certain ACSLOS , the power absorbed by that person is:

PLOS
abs = IL ×ACSLOS

=
α2P0

4πd2
0

×ACSLOS

Since the voltage of the circuit model has not yet been set to a
particular value, the peak voltage U0 in the capacitance can be
defined as follows:

U2

0 = Z0 × PLOS
abs

U0 =

√

Z0 ×
α2P0

4πd2
0

×ACSLOS

where Z0 is the free-space impedance (inΩ). Since U0 is known,
the circuit model input voltage E(t) is determined with (9).
Finally, the LOS component power density in the circuit model is
given by:

IL =
U2
0

Z0 ×ACSLOS

which is only dependent on the capacitance peak voltage and the
human body surface illuminated by the LOS plane wave. The circuit
model derived here determines the exposure (and afterwardsthe
SARwb) for only one person at one position. If different persons stand



at different distances from the transmitter, different circuit models
are then needed. So in general, the SARwb in different humans in
rooms will be predicted by a set of circuit models (Section IV).
[12] has shown that the highest absorption rate occurs for plane
waves incident to the front of the phantom, or person. The whole-
body absorption in terms of illuminated surface depends highly on
the azimuth of the incident plane wave illuminating the person [13],
[14], on the plane wave polarization as well. Hence, the ACSLOS

depends on the incident LOS component azimuth and polarization
but this issue is considered as part of another research. TheACSLOS

is supposed to be a known parameter, which already takes the
incident LOS plane wave directions and polarization into account.

C. Model for incident power density for WLAN - narrow band -
systems (∆ >> τ )

Nowadays, the WLAN IEEE 802.11 standard systems are widely
deployed in residential/office environments. For these systems, the
active duration of the transmitted signal (∆) is of the order of a few
hundreds of microseconds [15] whereas the reverberation time is still
about a few tens of nanoseconds. The∆ << τ assumption therefore
does not hold anymore and this case needs to be addressed otherwise.
From the room electromagnetics point of view, the energy density
evolution is still governed by (2) and (18) for the same room and the
adjacent rooms, respectively. The active duration of the transmitted
pulse is several thousands times the reverberation time, the energy
density can therefore reach the steady state as stated earlier. The
energy density for the same room can be found by integrating (1)
from 0 to t.

Wd(t) =
τP0

V
(1− e−

t
τ ) (25)

Similarly to the UWB case, the power density for the narrow-band
systems is calculated with the∆ >> τ assumption. Given the energy
density in (25) and assuming complete diffuse fields, the power
density is:

I(t) =
c0

4π
Wd(t)

=
c0

4πV
τP0(1− e−

t
τ )

The signal is transmitted during∆, the total power density from t0

on is then:

ID(t0) =
1

∆

∫ ∆

t0

I(t)dt , t0 < ∆

=
c0

4πV
τP0

(

1−
t0

∆
+

τ

∆
e−

∆

τ −
τ

∆
e−

t0
τ

)

(26)

Because of the narrow-band assumption (∆ >> τ ), the two last
terms of (26) tend towards 0, so they are negligible. Considering
a residential or an office environment with a maximum length of
300 m leads to a maximum arrival delay t0 of about 1000 ns.∆ is
of order of a few hundred of microseconds, the termt0

∆
can thereby

be neglected, leading to the final expression of the average power
density:

ID(t0) =
c0

4πV
τP0

=
P0

πηA
(27)

Unlike to the UWB case, the total power density for the narrow band
system is independent on the distance from the transmitter (d0); it
rather depends on the room and Tx characteristics. Since thetotal
power density exhibits no exponential decay, it is not modeled with

a circuit model.
Likewise, the energy density for the adjacent rooms case is found
by integrating (18). Following the same procedure, the total power
density is as follows:

ID,a(t0) =
c0

4πVRx

τaPr

=
c0τa

4πVRx

×
α2P0S

4πd2TW

(28)

III. D ETERMINATION OF THE SARwb FROM THE EXPOSURE

A. Expression for ultra-wide-band systems

The power densities for both sources (DMC and LOS components)
are known via the circuit model, the SARwb is then easily derived:

SARwb = SARDMC + SARLOS

=
1

m
(ID ×ACS + IL ×ACSLOS)

=
1

m

(

τc0C

8π∆V
U2(

d0

c0
)ACS +

U2
0

Z0

)

(29)

where SARwb and m are the whole-body specific absorption rate in
Watt/kg and the mass of the person in kg. For the adjacent rooms
case,τ and C have to be replaced byτa and Ca, respectively.

B. Expression for narrow-band systems

The SARwb is derived in a similar way as for the wide-band case.
The expression is as follows:

SARwb = SARDMC + SARLOS

=
1

m
(ID ×ACS + IL ×ACSLOS)

(30)

The SARwb in the same and adjacent rooms are then given by the
following:

SARwb























= 1

m

(

c0τP0

4πV
ACS + P0

4πd2
0

ACSLOS

)

for the same room

= 1

m

(

c0τa
4πV

α2P0S
4πd2

TW

ACS + α2P0

4πd2
0

ACSLOS

)

for the adjacent rooms

where dTW and d0 are the shortest distance between the transmitter
and the adjacent room, and the distance separating the transmitter to
the person, respectively.

IV. A PPLICATION

In the following section, we show how the circuit model can be
used in practice in a realistic environment.

A. Determination of the reverberation time

Depending on the trade-off between the accuracy and the sim-
plicity, the reverberation time can be numerically determined using
the radiosity method [16], or by carrying out measurements [10],
respectively. Our method aims to avoid the need of performing
measurements or computations, which are both complicated and time
consuming. The reverberation time is rather determined in asimpler
but practical way, using the effective roughness of the surfaces and a
lambertian diffusion model as in [9]. The effective roughness assume
not only the roughness on the surfaces, but also inside them.The well
established reverberation time expression in [4] is used tocompute
the reverberation time of the roomi as follows:

τi =
4Vi

c0ηAi

(31)



whereτi, Vi, η, and Ai are the reverberation time, the volume of
the room, the fraction of energy absorbed by the areas in the room,
and the total area taking part in the diffusion, respectively.
The main challenge resides in the determination of the fraction of
energyη absorbed by the areas (the walls, the floor and the ceiling).
Let us suppose the following assumptions:

• η is supposed to be uniform for all the absorbing areas (walls,
ceiling, floor), i.e., it can be seen as an averageη. In the
diffuse scattering literature (1-η) is assimilated to the diffuse
scattering coefficient, which is the ratio of the incident wave
being scattering.

• the surfaces of the walls, the ceiling, and the floor are assumed
to be Lambertian (i.e., the pattern of the scattered rays is
independent of the incident EMW direction) and perfectly
diffuse.

The propagation phenomena resulting from the interaction of an
incident plane wave and a rough surface are assumed to be lambertian
scattering. The Lambert’s law approximates well the reflectance of
some surfaces such as the flat paints [17], hence the law is quite
suitable for the indoor environments. According to the Lambert’s
law, the bidirectional reflectance of a perfectly diffuse surface is
[17]:

rL(θi) =
1

π
cos(θi)

where rL, and θi are the bidirectional reflectance, and the angle
between the incident plane wave and the normal of the surface,
respectively. The reflectance is defined in [17] as the fraction of
the incident light scattered diffusely into many directions by a
geometrically complex medium. The termbi-directional refers to
the orientation of the source (one incident wave) and the detector
(one emerging wave). Actually, we are interested in the directional-
hemispherical reflectance since the source is a LOS component and
the diffuse waves emerge in the whole upper half-space of the
surface (rays emerge from all directions in a diffuse scenario). The
directional-hemispherical reflectance is called scattering coefficient
elsewhere in the literature. The actual expression of the directional-
hemispherical reflectance is complex because it involves the prop-
erties of the particles forming the surfaces [17] and inside, which
is very difficult - if not impossible - to obtain in practice. Because
of the lack of informations about these particles, the directional-
hemispheral reflectance (0 ≤ ρ ≤ 1) is determined by integrating
the bidirectional reflectance over the half upper space as follows:

ρ =
1

2π

∫ 2π

ϕ=0

∫ π
2

θs=0

rL(θi)sin(θs)dθsdϕ (32)

= rL(θi)

whereθs is the angle between the normal to the surface and a given
scattering ray, andϕ is the azimuthal angle.
The incident source is a LOS plane wave perpendicular to the sur-
faces (θi=0), therefore the calculation of (32) leads toρ = 1

π
=0.318.

Note that using a directive scattering pattern instead of a lambertian
model, [18] has found that a scattering coefficient of 0.4 is the best
value for an office environment. Moreover, [9] used a lambertian
model and found a scattering coefficient of 0.316. Regardingthese
values, the scattering coefficient determined here agrees with the
values in the literature.
The fraction of the diffuse energy absorbed by the surface ishence:

η = 1− ρ

= 0.68

However, (31) is only valid for small values ofη [16]. When dealing
with higherη, it is corrected by the following [8]:

ηc = − log(1− η) ∗ (1 +
γ2

2
log(1− η)) (33)

where ηc is the correctedη, and γ2 is a parameter taking into
account the relative dimensions of the room. Actually it is the relative
variance of the path length distributions in a room, the corresponding
values can be found in [8].

B. Configuration

The configuration of the Fig. 5 is considered. In the following
sections, the SARwb in the persons indicated in Fig. 5 as p11, p12,
p21 and p31 is investigated via the circuit model. The notation pij

designates the person numberj in the room numberi. A transmitter

Room 2

21
p

Tx

Room 1Room 3 11
p

12
p

31
p

2TWd

3TWd

Fig. 5. Ground plan of the investigated rooms with people locations

Tx is located in the roomRoom1(R1) which contains 2 persons: p11

and p12. The adjacent roomsRoom1(R2) andRoom3(R3) contain
also 2 persons p21 and p31, respectively. The surface of the walls
separatingRoom1-Room2andRoom1-Room3are S12=28.30 m2 and
S13=18.00 m2, respectively. Once more, Sij designates the surface
of the wall separating the roomi and the roomj. Because the
smooth glasses do not diffuse the electromagnetic waves, the glasses
have not been accounted in the absorbing area computation. The
transmitter is located at dTW2=4.7 m and dTW3=5.65 m from the
wall S12 and S13, respectively. The distance dTWj is the shortest
distance between the transmitter and the roomRj. Using the room
dimensions and the equations (33), (31) the reverberation time of
32.06 ns, 31.33 ns and 20.13 ns are obtained for the rooms R1, R2,
and R3, respectively. The rooms characteristics and the reverberation
time values are summarized in Table I. The relative dimensions are
defines as (1:width

height
: length
height

), where the result of each ratio is rounded
to the nearest integer between the following set of integers, i.e., 1,
2, 5 and 10 defined in [8].



Room relative γ2 ηc Volume Area τ

dimensions (m3) (m2) (ns)
R1 1:2:5 0.403 0.4455 300 280 32.06
R2 1:2:5 0.403 0.4455 245 234 31.33
R3 1:1:2 0.356 0.4513 63.10 92.60 20.13

TABLE I
CHARACTERISTICS OF THE THREE INVESTIGATED ROOMS

C. Determination of the circuit model elements for UWB systems

Consider a UWB system operating at 2.5 GHz within a band-
width of 1 GHz. The EIRP (Effective Isotropically Radiated Power)
level limitations for the UWB systems has been issued by the
US frequency regulator (Federal Communications Commission). For
the indoor communications, a power spectral density of about -
51.30 dBm/MHz sets the transmissions level for communications
between 2 and 3 GHz [19]. A 1 GHz bandwidth leads then to an
EIRP of 7.40 mW and an active pulse duration∆ of 1 ns. For each
exposed person, the elements to determine are the resistance R, the
capacitance C and the peak voltage U0 in the capacitance. The input
voltage of the circuit model is expressed as a function of theperson
ACS. A typical value of 0.35 m2 - based on measurements on real
humans - is chosen as the ACSwb (in diffuse field) value, which in
turn leads to an ACSLOS of 0.175 m2 for a frontal LOS plane wave
illumination at 2.3 GHz [10]. The penetration loss of the wall (7 dB)
is accounted for the adjacent rooms elements computation. Table II
lists the resulting equivalent circuit elements for the configuration of
Fig. 5 and the UWB specifications.

Person distance voltage resistancecapacitanceτ or τa
(m) U0 in

(mV)
R (Ω) C (nF) (ns)

p11 (R1) 3 66 18.58 3.45 32.06
p12 (R1) 6 33 4.65 13.80 32.06
p21 (R2) 10 18 22.82 3.77 43.00
p31 (R3) 8 22 63.52 1.11 35.36

TABLE II
CIRCUIT MODEL ELEMENTS

1) Whole-body SAR from theoretical formula:Equations (16) and
(23) can be used to compute the diffuse power density in the room
R1 and its adjacent rooms (R2 and R3), respectively and the LOS
component power density is determined with (24). Assuming that
the person mass is about 70 kg, the theoretical SARwb in a person
is determined and the results are shown in Table III. As expected,

Person distance ID IL SARwb

(m) (mW/m2) (mW/m2) (µW/kg)
p11 (R1) 3 1.40 10−2 6.60 10−2 0.235
p12 (R1) 6 1.03 10−2 1.65 10−2 9.27 10−2

p21 (R2) 10 1.18 10−3 4.91 10−3 1.82 10−2

p31 (R3) 8 1.70 10−3 7.34 10−3 2.685 10−2

TABLE III
THEORETICAL WHOLE-BODY SAR FOR THE SCENARIO OFFIG. 5

the higher SARwb occurs in the person p11 because of its vicinity
to the transmitter. The lowest SARwb is induced in person p21 since
he is the furthest from the Tx antenna. The most relevant remark

here is the fact that the diffuse fields contribution is accounted for -
through a circuit model - to assess the SARwb. It turns out that the
contribution of the diffuse power density ID (for all the investigated
scenarios) can not be neglected compared to the LOS power density
IL.

2) Whole-body SAR from the circuit model simulation:The Ad-
vanced Design System (ADS) [20] is used to simulate the circuit
model. The circuit model of Fig. 3 is used to emulate the exposure
of the configuration shown in Fig. 5. Because the R and C values
are now known, (9) is used to computed the actual value of the
voltage E feeding the source for each circuit model. As mentioned
in Section II-B, the source is turned off after 1 ns since the power
is transmitted during 1 ns in the room R1. The circuit model ofone
person (p11) is displayed in Fig. 6. The voltage in a capacitance is

nFC 45.311 =

Ω= 58.1811R

)(11tU
VE 20.411=

ns1=∆

Fig. 6. Circuit model of person p11. The source has been turn off after 1 ns. A
transient simulation was used to see the voltage decay over 600 ns with a step of
0.1 ns.

time dependent and frequency independent, a transient simulation
is therefore used for each case. The schematic is the same forany
other person of Fig. 5, unless the parameter R, C and E are replaced
with the appropriate ones, whose values are in Tables II and IV.
The result of the simulation in Fig. 6 is the voltage discharge in the
capacitance, as shown in Fig. 7. The separation Tx-person inmeter
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Fig. 7. Capacity voltage for person p11

is given on the X-axis and the capacity voltage in Volt on the Y-
axis. A marker on the plot shows the person p11 location and the
voltage over the related capacity. It can be checked that thevalue
of U0 in Table II corresponds to the peak value in the voltage plot
of the Fig. 7. Knowing the capacity voltage at a certain time (hence
at a certain distance), (29) enables the determination of the SARwb

absorbed by a person in the room. The simulated results in terms of
the SARwb are shown in Table IV, and agree excellently with those
of Table III. Recall the mass and the ACSwb of each person are
70 kg and 0.35 m2, respectively. The relative error (∆SAR) is defined



as the difference between the theoretical and the simulatedvalues
in percentage of the theoretical value. Its values are also shown in
Table IV. It is worthy to mention that the simulation part does not
aim to validate the theory, it rather shows a method to implement
the theory in real scenarios.
The present circuit model theoryi) is based on the room electro-
magnetics theory which has already been validated through mea-
surements in [4] andii) the room electromagnetics based SARwb

assessment has already been validated through measurements and
numerical simulations in [21]. The presented circuit modeltheory is
based on these previous validations.

Person distance E SARsim
wb ∆SAR

d0 in (m) (V) (µW/kg) (%)
p11 (R1) 3 4.20 0.234 0.42
p12 (R1) 6 2.10 9.20 10−2 0.75
p21 (R2) 10 1.54 1.80 10−2 1.1
p31 (R3) 8 1.54 2.67 10−2 0.56

TABLE IV
WHOLE-BODY SAR FROM SIMULATION FOR THE SCENARIO OFFIG. 5

D. Application to 802.11 systems

Consider an IEEE 802.11 g system operating at 2.4 GHz in the
same indoor environment shown in Fig. 5. The characteristics of
the system are retrieved from [15] and are the following: EIRP
(Effective Isotropically Radiated Power) of 100 mW, and an active
duration of the transmitted pulse of 209µs (∆). The exposure of the
persons for such system are listed in Table V. Equations (27), (28),
and (24) have been used to compute ID, ID,a and IL, respectively.
It is noticed that the SARwb for the WLAN system (Table V) is

Person distance τ or τa ID or
ID,a

IL SARwb

(m) (ns) (mW/m2) (mW/m2) (µW/kg)
p11 (R1) 3 32.06 0.255 0.884 3.485
p12 (R1) 6 32.06 0.255 0.221 1.80
p21 (R2) 10 43.00 0.034 0.0637 0.33
p31 (R3) 8 35.36 0.048 0.0995 0.49

TABLE V
EXPOSURE TOIEEE 802.11G SYSTEM

higher than the absorption rate for the UWB system (Table III).
One may think that this is due to the higher transmitted powerin
the WLAN system case; this is correct if an absolute comparison
of the values is made. However, let’s do a relative comparison of
the different powers involved in the absorption. The ratio of the
LOS power densities for both systemsIL,UWB

IL,WLAN
and the ratio of the

diffuse power densities for both systemsID,UWB

ID,WLAN
for the different

persons are now computed using the values of Tables III and V,and
are listed in Table VI. On one hand, the LOS component power
densities ratio between the UWB and WLAN systems lead to a
constant value for all the investigated scenarios, i.e., 0.074, which is
also the ratio between the transmitted powers of the UWB (7.40mW)
and the WLAN (100 mW) systems. The induced SARLOS due to
the LOS component is therefore the same for both systems assuming
the same transmitted power. On the other hand, the DMC power
densities ratios between UWB and WLAN systems vary, and for all
the investigated scenarios the ratios are lower than the transmitted

Person distance ID,UWB

ID,WLAN

IL,UWB

IL,WLAN

(m)
p11
(R1)

3 0.0549 0.0747

p12
(R1)

6 0.0404 0.0747

p21
(R2)

10 0.0347 0.0770

p31
(R3)

8 0.0354 0.0740

TABLE VI
UWB AND WLAN SYSTEMS POWER DENSITIES RATIO FOR BOTHLOS

COMPONENT ANDDMC

powers ratio of 0.074. This points out that for the same transmitted
power the exposure to the DMC in an UWB system will be lower
than the exposure to the DMC in a WLAN system. Moreover,
the equations (15) and (27) confirm that the DMC exposure for
UWB systems isalways lower than the DMC exposure for the
WLAN exposure (for the same transmitted power), regardless of the
separation from the Tx. This can also be intuitively explained by the
fact that the diffuse energy density evolution never reaches a steady
state in the UWB systems - due to the small duration of the pulse-
unlike the WLAN systems.
For the SARwb at the considered frequency, the basic restric-
tion is SARwb=0.08 W/kg for the general public exposure and
SARwb=0.4 W/kg for the occupational exposure [11]. All the values
obtained in this paper are below these basic restriction values. Note
that the comparison with the basic restrictions values is not the
purpose of this paper, it rather aims to determine via an electrical
circuit model the actual absorption levels in a realistic environment.

E. Sensitivity of the model to the input parameters

One could ask whether the computed SARwb overestimates or
underestimates the actual exposure. Here we determine which of the
input parameters are more or less sensitive regarding the SARwb

estimation. The separation of an exposed person from the Tx (d0) is
easily obtained with accuracy. The total absorbing area A, the room
volume V, and the fraction of the energy being absorbed by thewalls
η are more difficult to obtain, and can therefore be determinedwith
some errors affecting thereby the estimated value of the SARwb. For
all the input parameters (V in m3, A in m2, η), a variation of± 10 %
is assumed. The impact of these variations on the estimated SARwb

is then investigated. Because there are very low deviationsbetween
the theoretical and the simulated SARwb values, the SARwb values
in this part are determined with the theoretical formulas similarly to
the Section IV-C1. The SARwb values are re-calculated (inµW/kg)
for the persons p11 and p12 in the room R1 of Fig. 5.∆pij is the
relative deviation in % between the re-calculated value andthe actual
value of the SARwb for the person pij .
Table VII shows the variation of the SARwb values when the input
parameters have a variation of± 10 % from their actual values. It
turns out that the room volume variation does not affect muchthe
SARwb values, the maximum variation being of the order of± 3.7 %.
An overestimation (resp. underestimation) of the room volume leads
to an overestimation (resp. underestimation) of the SARwb value. The
impact of the area variation on the SARwb is much more important
than the volume variation impact since the SARwb variation may
reach ± 9 %. An overestimation (resp. underestimation) of the



input τ ID,p11 ID,p12 SARp11
wb

SARp12
wb

∆p11 ∆p12

parameters (ns) (µW/m2 ) (µW/m2 ) (µW/kg) (µW/kg) (%) (%)

(V+10%) 330 m3 35.27 14.4 10.9 0.24 0.096 0.8 3.3
(V-10%) 270 m3 28.86 13.6 9.6 0.23 0.089 -0.8 -3.7
(A+10%) 308 m2 29.15 12.4 8.8 0.23 0.085 -3.4 -8.0
(A-10%) 252 m2 35.63 16.1 12.1 0.245 0.101 4.5 9.8
(η+10%) 0.49 29.15 12.4 8.8 0.23 0.085 -3.4 -8.0
(η-10%) 0.40 35.63 16.1 12.1 0.245 0.101 4.5 9.8

TABLE VII
IMPACT OF THE INPUT PARAMETERS VARIATION ON THE ACTUALSARwb VALUE

absorbing area or ofη leads to an underestimation (resp. overes-
timation) of the SARwb value. The electromagnetic radiations are
absorbed by the surface areas, an underestimation of these surfaces
means that the electromagnetic radiation will last longer in the room,
and the absorption of an exposed person in terms of SARwb will
therefore be more important. Similarly, the influence ofη on the
SARwb is intuitive. An overestimation ofη means that the waves
are reflected or scattered with less power, the absorption rate of
an exposed person to these waves will therefore be lower thanthe
actual value. It is noteworthy to mention that the impact of the input
parameters variation depends on the person location as well.
Given that the surface of the possible objects in the room (tables,
desk, computers, etc...) have not been accounted in our method, the
resulting area is the minimum absorbing area. The SARwb value
obtained with the present circuit model is therefore the upper limit
of the absorption in terms of SARwb.

V. CONCLUSIONS

A new electrical circuit model for the human exposure and
whole-body absorption rate prediction in the indoor environments is
proposed. Basically, the method translates the room electromagnetics
theory into a electrical circuit, which may be embedded in circuit
components. The method accounts for the diffuse multipath com-
ponent and for the Line-Of-Sight component as well, hence allows
the forecast of the whole-body specific absorption rate in a realistic
complex environment. Moreover, a simpler method to determine the
reverberation time in a realistic environment without the need of
carrying out any measurements or simulations is presented.The
theory also applies to the adjacent rooms case and an application
of the circuit model in a realistic office environment is shown. The
strength of the method lies in its simplicity, because it does not
require any simulation of the entire room in a software. The theory
is applied to an Ultra Wide Band system and to a Wireless LocalArea
Network system. The lowest absorption rate obtained for theUWB
systems is due to the DMC part, whose energy density evolution
can not reach the steady state, unlike to the WLAN systems. Future
research will consist of the extension of the theory to several coupled
rooms.
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